INTRODUCTION
Viruses possessing segmented genomes have the potential to exchange genomic segments with related viruses during co-infection of a cell, and produce new viral genotypes (Ramig, 1985) . This phenomenon of reassortment (recombination) provides a mechanism for viral evolution; however, its significance in nature is unknown Gorman, 1983 ; Ramig, 1985) . Consequently, it is necessary to determine the extent to which reassortment can occur in vivo. Reassortment of an arbovirus (La Crosse bunyavirus) has been demonstrated in its arthropod vector (Aedes triseriatus) but attempts to duplicate the results in vertebrates were unsuccessful (Beaty et al., 1985) . Since vertebrates often act as amplifying hosts, providing a source of virus for countless vectors, the vertebrate host is potentially an important site of reassortant virus formation.
The ability of an arbovirus to reassort in a vertebrate host was examined using Thogoto (THO) virus, a tick-borne virus (Davies et al., 1986) that appears similar to the influenza viruses (Orthomyxoviridae) in structure, morphogenesis and pathogenesis (Clerx et aL, 1983; Filipe et al., 1986) . The virus possesses a segmented genome of single-stranded RNA (Clerx et al., 1983) . Dhori virus is the only other tick-borne influenza-like virus. However, we have not detected an antigenic relationship between Dhori and Thogoto viruses by either immunofluorescence or neutralization tests (unpublished observation).
The original isolation of THO virus was from a mixed population of Boophilus and Rhipicephalus ticks removed from cattle in Thogoto forest near Nairobi, Kenya (Haig et al., 1965) . Subsequent isolations have been made from a variety of ixodid tick species collected in Central Africa (Sureau et al., 1976; East African Virus Research Institute Report, 1968; Causey et al., 1969; Wood et al., 1978) , Egypt (Williams et al., 1973) , Iran (Sureau et al., 1976) , Sicily (Albanese et al., 1972) and Portugal (Filipe & Calisher, 1984) . The natural transmission cycle of THO virus probably involves various species of small mammals, with nymphal and adult tick stages transmitting the virus to larger mammals, including domestic animals. The virus has been isolated from cattle and camels (Kemp et al., 1973) , sheep (Davies et al., 1984) and man (Moore et al., 1975) , and neutralizing antibodies have been demonstrated in the sera of cattle, sheep, 0000-7570 © 1987 SGM donkeys, buffaloes, camels, rats and man (Haig et al., 1965; Albanese et al., 1972; Darwish et al., 1979; Filipe et al., 1985) . In sheep, the virus induces pyrexia (Haig et al., 1965) and abortions (Davies, 1978) . THO virus was selected for studies on reassortment because it produces high titre viraemia in laboratory-bred hamsters and can be transmitted to hamsters by infected ticks (Davies et al., 1986) .
METHODS
Virus and cell cultures. The SiAr 126 isolate of THO virus (Albanese et al., 1972) was obtained from Dr R. E. Shope (Yale Arbovirus Research Unit, New Haven, Conn., U.S.A.) as an infected suckling mouse brain extract. The virus was grown in BHK-21 cells, maintained in Eagle's MEM (EMEM) and supplemented with3~ newborn calf serum (NBCS). Plaque assays were performed in Vero cells as described by Davies et al. (1986) .
Isolation of temperature-sensitive mutants and assignment to recombination groups. Stocks of THO virus were produced by plaque-picking three times from virus grown at 35 °C, followed by a single pick from plaques grown at 40 °C; the plaques were grown up in 25 cm 2 flasks of BHK cells at 35 °C. Spontaneous temperature-sensitive (ts) mutants were isolated without the aid of mutagens using the method of Moss & Nuttall (1986) with 35 °C and 40 °C as the permissive and non-permissive temperatures, respectively; ts mutants were defined as those having an efficiency of plating (e.o.p. = titre at 40 °C/titre at 35 °C) of < 0.002. Mutants were assigned to recombination groups by analyses of in vitro recombination assays, as previously described (Moss & NuttaU, 1986) Inoculation of hamsters with THO virus. Syrian hamsters 6 to 8 weeks-old (supplied by the Physiology Department, University of Oxford) were inoculated subcutaneously with a total of 5000 p.f.u, of THO wild-type (wt) or ts virus. Hamsters were anaesthetized with pentabarbitone sodium (May & Baker Ltd.) at a dose of 0.44 ml/kg body weight, and 0.1 ml of blood was obtained by cardiac puncture. Blood samples were diluted in 0.9 ml EMEM containing 10~ NBCS. Rectal temperatures were taken each day at the same time. For recombination analyses, hamsters were inoculated at two different sites (left and right posterior sides). Blood samples were titrated in Veto cells incubated at 35 °C and 40 °C. Where there was evidence of reassortment (< 2.0 log10 p.f.u./ml difference in blood titres at 35 °C and 40 °C), 30 discrete plaques were picked from the 35 °C plates and re-titrated at 35 °C and 40 °C. Evidence of reassortment in the hamster (rather than during titration in vitro) was demonstrated when wt phenotype was detected on re-titration.
Oral infection of R. appendiculatus larvae with ts mutants of THO virus. Hamsters were inoculated subcutaneously with 5000 p.f.u, of ts virus. Since R. appendiculatus larvae feed for approximately 5 days and peak viraemia occurs 3 to 4 days post-inoculation, 200 larvae were placed on each hamster I day before inoculation. The ticks were retained on the hamster within a neoprene cell. On completion of their blood meal, larvae were maintained at 28 °C in perforated tubes held within dessicators at a relative humidity of 80~. After moulting to nymphs, a sample of the ticks was tested for ts virus. The nymphs were homogenized in a microtissue grinder in 1 ml EMEM containing 10~ NBCS and antibiotics, clarified, and then titrated at 35 °C and 40 °C.
Feeding infected ticks on hamsters. A total of 60 nymphs were placed in retaining cells attached to a hamster. The ticks were either divided between two retaining cells, one containing nymphs infected with ts mutants representing recombination group I, and the second containing nymphs infected with ts group II virus, or in one retaining cell containing a mixture of nymphs infected with either group I or group II ts mutants. Control hamsters received ticks infected with ts virus from either group I or group II. Blood samples were taken daily from the hamsters and titrated at 35 °C and 40 °C.
RESULTS

Isolation of ts mutants and assignment to reassortment groups
Five stable ts mutants were obtained (frequency of isolation, 0-3~). Each in vitro recombination assay was carried out at least twice; the most consistent results were obtained using an input multiplicity of 0.5 p.f.u./cell and harvesting the virus 72 h post-infection (Table  1) . Crosses between two is mutants that resulted in recombination frequencies greater than one were taken to indicate that the two mutants represented different recombination groups. Recombination frequencies between ts6 and tsl6 were apparently low hence the analyses were repeated using 'step-up' conditions: infected cell cultures were incubated at 35°C for 24 h and then transferred to 40 °C for a further 48 h. Analysis of the resulting virus titres gave recombination frequencies for ts6 x ts 16 of 7.69 ~ and 28.42 ~ at input multiplicities of 0.5 and 5 p.f.u./cell, respectively. Based on these results, four of the ts mutants were assigned to two 
3.4 --6". . _29 5"3 7'6 5.8 3-2 (5.0) tsI-16 × tslI-48 5.8 2"6 7.8 5-6 7.8 6.0 3-1 (1-4) tsI-129 × tslI-6 2.6 --8.1 5.6 8. _. 33 6"2 1.6 (0-5) tsI-129 × tslI-48
* Recombination frequencies for virus isolated from blood either 4 or 3 (in parentheses) days post-inoculation. t log~o P.f.u./ml virus in blood sampled various days post-inoculation and titrated at either 35 °C or 40 °C; -, <2-0 log~0 p.f.u./ml blood. Titres underlined indicate samples from which 30 plaques were picked and titrated at 35 °C and 40 °C to check for wt recombinant virus.
:~ D, Dead; all other hamsters were dead on day 5 except one hamster inoculated with tslI-6 that survived.
recombination groups, I: tsI-16 and tsI-129, and II: tsII-6, tsII-48. Attempts to assign ts145 to a recombination group by in vitro assays were unsuccessful owing to loss of the virus although initial results indicated that tsl45 was not a member of group I.
Thogoto virus replication in hamsters
Hamsters infected with either wt or ts virus generally developed high titre viraemia (up to 8.7 logx0 p.f.u./ml blood) 3 to 4 days post-inoculation followed by death. [For some hamsters maximum titres were significantly lower (approximately 6.0 logxo p.f.u./ml blood): these animals, although of the same strain, were obtained from a supplier different to the one normally used.] Virus was detected in brain, lung, heart, liver, spleen and kidney; the highest titres were detected in liver (up to 8.8 lOglo p.f.u./liver). Rectal temperatures increased from 37-6 + 0.3 °C on the day of inoculation to 38.8 _+ 0.5 °C, 4 days post-inoculation (by day 5 most animals had died). Increases in rectal temperatures were similar for hamsters inoculated with either wt or ts virus.
Reassortment in hamsters inoculated with THO virus
Hamsters were inoculated with a total of 5000 p.f.u, of two ts mutants, each at different sites; control hamsters received only one ts mutant. The results indicated that ts mutants belonging to different recombination groups (defined by in vitro assays) produced wt recombinant virus, whereas only ts virus was found when mutants belonged to the same recombination group (Table  2) . Evidence of recombination was based on the detection of wt reassortant virus on re-titration: recombinant virus was isolated from 7/30 (23 ~o) plaques picked from the 35 °C titration of blood from the hamster co-infected with tsI-16 and tsII-61 9/30 (30~) plaques from tsI-16 × tsII-48, 4/30 (13~) plaques from tsI-129 × tsII-6, and 10/30 (33~) plaques from tsI-129 × tsII-48. The hamster co-infected with tsI-16 and tsI-129 died 4 days after inoculation and possibly before recombination could be detected. Therefore, two additional hamsters were co-infected with tsI-16 and tsI-129. Only ts virus was detected in the blood of these hamsters prior to their death 5 t loglo P.f.u./ml virus in blood samples harvested various days post-inoculation and titrated at either 35 °C or 40 °C; -, < 2.0 log10 p.f.u./ml. Titre underlined indicates sample from which 30 plaques were picked and titrated at 35 °C and 40 °C to check for wt recombinant virus. D, Dead.
days post-inoculation: virus titres reached a maximum of 7.7 and 8-0 log10 p.f.u./ml, 4 days postinoculation. In hamsters in which reassortment occurred, wt recombinant virus was detected in blood, brain, lung, heart, liver, spleen and kidney; rectal temperatures showed a range similar to that of hamsters infected with either wt or ts virus.
Reassortment in hamsters infected via tick bite
R. appendiculatus larvae were fed on hamsters infected with either tsI-16 or tslI-48. After moulting to nymphs, the infected ticks were allowed to engorge on uninfected hamsters by placing ticks at either the same site or at separate sites for each mutant (Table 3 ). In addition, a sample of the unfed ticks was titrated at 35 °C and 40 °C: 10 nymphs infected with tsI-16 had a mean titre of 3.4 log~0 p.f.u./ml (range 2.9 to 4.5), and 10 infected with tslI-48 had a mean of 3.4 (range 2.9 to 4.0); only ts virus was detected. Fifteen of the 16 hamsters became infected with THO virus as a result of tick feeding; 13 died by day 9 and the rest recovered. Hamsters exposed to one ts mutant had ts virus in their blood, maximum titres being obtained 4 to 9 days after attachment of ticks (average maximum titre, Xm,x 5"0 log10 p.f.u./ml; range 2"3 to 7"8). Hamsters exposed to both ts mutants (by feeding ticks infected with tsI-16, and ticks infected with tslI-48, on the same hamster) were viraemic on days 4 to 8 ( Xma x 5"5 tog10 p.f.u./ml; range 2-9 to 7-8 at 35 °C). One of the latter group of 10 hamsters had wt recombinant virus in its blood on days 7 and 8 (recombination frequencies 4~ and 60~, respectively); recombinant virus was isolated from 6/30 (20~o) plaques picked from the 35 °C titration of blood sampled 7 days after attachment of ticks. Only ts virus was recovered from the remaining hamsters. Ticks that fed on the hamster from which wt recombinant virus was isolated were screened for virus immediately after completing engorgement and 12 days later. Only ts virus was isolated from these ticks; 10 ticks infected with tsI-16 had mean titres of 3-0 loglo p.f.u./ml (range 2.3 to 3.9) and 10 infected with tslI-48, 2-9 (range 1-8 to 3-7).
Effects of viral dose and time of infection on the incidence of reassortment in hamsters
One hamster dually infected by inoculation with ts viruses representing each recombination group (tsI-16 and tslI-48) at a total dose of 5 p.f.u, virus, had only ts virus in its blood (Xmax 4"4 Table 4 . l" D, Dead; all other hamsters were killed 5 days post-inoculation. ~: Blood samples taken prior to inoculation of wt virus to ensure that wt inoculum was not taken up in the blood. log~0 p.f.u./ml). In contrast, all three hamsters inoculated with either 50, 500 or 5000 p.f.u, virus, had high titre viraemia with wt recombinant virus in their blood (Xmax 8"2 log10 p.f.u./ml). Only ts virus was isolated from the eight control hamsters that each received either tsI-16 or tslI-48 at the different doses. These results suggest that the process of recombination is dependent on dose, To examine whether the time of infection could influence the incidence of reassortment in an animal, hamsters were inoculated at different time intervals with THO ts mutants representing two recombination groups (Table 4a) . When inoculated simultaneously with tsI-129 and ts145, wt recombinant virus was demonstrated on day 4 (recombination frequencies 44 ~ and 25 ~); 10/30 (33 ~) and 9/30 (30 ~) re-titrated plaques contained recombinant virus. In contrast, when ts145 was inoculated 24 h after tsI-129, only ts virus was detected. Since reassortment can be a low frequency event, a more sensitive procedure was employed in which hamsters were initially inoculated with tsI-129 and subsequently with wt virus (Table 4b ). When wt virus was inoculated 24 h after the inoculation of ts virus, one of two hamsters had detectable wt virus in the blood 1 and 2 days later; when the interval was 48 h, neither of two hamsters had detectable wt virus 24 h later; however, no further samples could be taken because the hamsters had died by day 4. These results (Table 4a, b) indicate that replication of a second virus is inhibited when superinfection occurs 24 h after an initial infection. Hence the timing of infections is an important factor in THO virus reassortment.
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DISCUSSION
Circumstantial evidence of naturally occurring reassortants has been obtained for influenza (Hinshaw et aL, 1980) , reo- (Wenske et al., 1985) , bunya- (Ushijima etal., 1981) and bluetongue (Sugiyama et al., 1981) viruses. The potential threat posed by these viruses was illustrated by the deaths in north-eastern U.S.A. of harbour seals (Phoca vitilina) infected with a 'new' influenza virus believed to be derived by reassortment between avian and mammalian influenza strains (Geraci et al., 1982) . Although reassortment of viruses has been demonstrated extensively in vitro (Fields, 1971 ; Gorman et al., 1978 ; Webster et al., 1982; Bishop, 1979; Ramig, 1983; Compans & Bishop, 1985) , relatively few experiments have established whether reassortment can occur in vivo (Webster et al., 1973; Hinshaw et al., 1980; Wenske et al., 1985; Gombold & Ramig, 1986) .
Segment reassortment of an arbovirus in a vertebrate host infected via a natural route of infection, i.e. vector-borne transmission, has not previously been reported.
Ts mutants were used in recombination analyses because plaque assays at non-permissive temperatures present a relatively simple method of detecting reassortant viruses. However, since the ts mutants were assumed to have a point mutation in a single genome segment, analyses monitored reassortment of only two segments and therefore underestimated the frequency of recombination. The results gave no indication that recombination studies in hamsters were biased by temperature selection of wt recombinant virus. Changes in rectal body temperatures of hamsters infected with either ts or wt viruses were similar, and ts mutants (except tsII-6) did not appear to be inhibited in their replication compared with wt virus.
Detection of wt recombinant virus in one hamster infected via tick feeding was considered evidence of recombination in an animal following vector-borne virus transmission. Only ts virus was detected in the ticks after they had engorged, demonstrating that the ts mutants had remained stable in their tick vectors. In addition, the dynamics of the infection in the hamster, and the stability of THO ts mutants in the control hamsters (and in other experiments, not reported here, involving more than 100 hamsters) support the conclusion that reassortment had occurred in the hamster.
The incidence of reassortment in hamsters infected via tick-bite was low when compared with the results of direct inoculation (Table 2) , probably because most (9/10) of the hamsters died by day 7, i.e. before the time at which wt reassortant virus was detected in hamsters. In addition, the results obtained from hamsters exposed to only one ts mutant indicated that peak viraemia of tsI-16 was reached on days 6 to 9 post-attachment, and on days 4 to 7 for tsII-48. A difference in time taken to reach maximum viraemia may have reduced the probability of reassortment.
The amount of virus delivered by ixodid ticks is difficult to determine because they feed for several days and may deliver virus for most of the feeding period (Kemp et al., 1982; Davies et al., 1986) . Results of direct inoculation of hamsters indicated that the process of reassortment is dependent on dose and time of infection. Hence, the amount of virus delivered by ticks, and variation in the time of infection of hamsters (possibly resulting from asynchronous feeding of ticks) may also have contributed to the low incidence of reassortment in hamsters infected via tick-bite.
Evidence of recombination in vivo was based on the isolation of reassortant wt virus from plaques picked from the 35 °C titrations of blood samples. Recombination frequencies were generally low in animals in which recombinant virus was detected in this way, probably owing to the death of the animals before maximum recombination frequencies had been reached. This may explain the apparently higher recombination frequency in a hamster infected via tick-bite which survived for 8 days, compared with infections by direct inoculation which usually resulted in death by day 5.
The pattern of THO virus infection in hamsters, resulting in death, is characteristic of epidemic/epizootic infections rather than infections occurring in the maintenance cycle of arboviruses. The ability of THO virus to reassort in a host that develops viraemia of relatively low titre is unknown, although reassortment was not detected in a hamster developing a viraemia of only 4-3 log10 p.f.u./ml. If the level of viraemia is a determining factor, arbovirus reassortment in nature is more likely to occur during epidemics/epizootics.
Vertebrate hosts involved in arbovirus transmission cycles often act as amplifying hosts. This role is characteristic of permissive hosts that develop viraemia of a titre sufficiently high and prolonged to infect arthropod vectors feeding on them. In this context, vertebrate hosts are important sites of reassortant virus formation since they represent a potential source of infection, by the reassortant virus, for countless vectors. The perpetuation of reassortant viruses generated in a single dually infected arthropod vector may be considered more hazardous: the 'new' viruses must rely on the survival of the vector, and transmission horizontally to a susceptible host and/or vertically to the suceeding vector progeny. We are currently examining the ability of THO virus to reassort in ticks in order to evaluate the relative roles of vector and vertebrate host in the generation and perpetuation of reassortant viruses.
